Introduction {#sec1}
============

Gene therapy is emerging as a powerful approach with the potential to treat and even cure some of the most common diseases. Somatic gene therapy[@bib1]^,^[@bib2] requires delivery of genomic materials[@bib3] into specific cells of the targeted organ. Targets of gene therapy include varieties of inherited diseases, including central nervous system disorders such as retinal degenerative diseases and acquired diseases in the heart, lung, and blood. Recently, opto-gene[@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9] therapies based on precise optical modulation[@bib10], [@bib11], [@bib12], [@bib13] of the nervous system are receiving significant attention for treatment of several neurological[@bib14], [@bib15], [@bib16], [@bib17], [@bib18], [@bib19], [@bib20] and retinal disorders. Opto-gene therapies of retinal degenerative diseases such as dry age-related macular degeneration (dry-AMD) require photosensitization of higher order retinal neurons. Gene delivery by commonly used viral transfection[@bib21], [@bib22], [@bib23] can lead to unexpected immunological, inflammatory responses and limit the size of the packaged genes that can be delivered.[@bib2]^,^[@bib24] Significant efforts have been made for the development of non-viral gene delivery vehicles, including physical (microinjection,[@bib25] gene gun, electroporation,[@bib26]^,^[@bib27] ultrasound,[@bib28] hydrodynamics, magnetofection) and chemical (liposomes,[@bib29] biodegradable polymer nanoparticles[@bib30]) methods to allow delivery of large macromolecules. However, these methods have reduced transfection efficiency as well as adverse effects on non-targeted cells.[@bib26] While viral and other delivery methods can achieve cell-specific targeting by either tropism of viral vectors or promoter-driven expression, most of the existing methods cannot achieve spatially targeted transfection to localize the expression (among identical cell types) in the organ of interest. A recently developed method has shown use of a functionalized glass pipette tip or magnetic nanoparticles in a pipette bound to the virus for contact-based "virus stamping" on the target cell using mechanical or magnetic forces.[@bib31] Spatially targeted non-contact and minimally invasive gene delivery is of special importance for clinical translation of current optogenetic approaches for treatment of geographic atrophic regions of the degenerated retina[@bib32], [@bib33], [@bib34], [@bib35], [@bib36] without perturbing the functioning of the non-degenerated retinal regions.

In our earlier work,[@bib37] we demonstrated non-contact single-cell transfection of opsin *in vitro* using a focused ultrafast laser beam. However, use of such an approach for optoporation requires matching the focal plane with the cell membrane in order to create transient perforation and therefore may require aberration corrections via adaptive optics. Furthermore, parallel transfection of cells in spatially targeted regions using such a method will require use of multiple beams, which will be limited by the damage threshold of the spatial light modulator. This necessitates development of a high-throughput, easily applicable method for gene delivery to spatially targeted regions of tissue in a minimally invasive manner.

Herein, we report on the use of nano-enhanced optical delivery (NOD) of plasmids encoding ambient light-sensitive multi-characteristic opsin[@bib38] (MCO-II) into spatially targeted retina *ex vivo* as well as *in vivo* in a mice model of retinal degeneration using a near-infrared (NIR) (1,064 nm) laser beam. The optical field of the defocused NIR laser beam was enhanced by surface plasmon resonance (SPR) at the metal (gold nanorod \[GNR\])-dielectric (cell) interfaces, allowing insertion of large MCO-II genes in the illuminated region in a high-throughput manner, without affecting the non-targeted tissues. Parametric studies of NOD carried out by varying the exposure time and power of the continuous wave (CW) NIR beam or the energy of the pulsed NIR beam led to determination of optimized parameters for gene delivery. Successful translation of NOD will enable spatially targeted, cell-specific gene therapy for a multitude of disorders of the central and peripheral nervous systems.

Results {#sec2}
=======

Mechanism and Steps Involved in NOD {#sec2.1}
-----------------------------------

[Figure 1](#fig1){ref-type="fig"} depicts the components and various steps involved in the NOD of therapeutic genes to specific groups of cells. In this NOD approach, GNRs are functionalized with concanavalin A (Con A) (functionalized GNRs \[fGNRs\]) to facilitate their binding to the membrane of the cells ([Figure 1](#fig1){ref-type="fig"}B). [Figure S1](#mmc1){ref-type="supplementary-material"} shows a transmission electron microscopy (TEM) image of GNRs used for optical enhancement of a 1,064-nm laser beam (hotspots) at the ends of the rods. [Figure S1](#mmc1){ref-type="supplementary-material"}B shows measured optical density of GNRs with a peak at 1,064 nm. The inset in [Figure 1](#fig1){ref-type="fig"}B shows fluorescently labeled fGNRs bound to cells. After 1--12 h of incubation with fGNRs, the therapeutic (MCO) plasmids (vector map in inset of [Figure 1](#fig1){ref-type="fig"}C) are introduced onto the cells. Next, the NIR laser beam wavelength, tuned to the SPR peak of the fGNRs (inset in [Figure 1](#fig1){ref-type="fig"}D), is applied onto targeted areas as shown in [Figure 1](#fig1){ref-type="fig"}D. Due to SPR-matched absorption of the NIR laser irradiation, hotspots at the ends of the nanorods are generated. The contrast in the temperature increase in laser-irradiated nanorod-attached cell membranes near the hotspots is significant enough for permeabilization of the cell membrane, leading to site-specific intra-cellular delivery of impermeable molecules from the extra-cellular space.[@bib39]^,^[@bib40] [Figure 1](#fig1){ref-type="fig"}E (inset) shows representative non-transfected and transfected cells in the laser-targeted area 2 days after NOD.Figure 1Method of Nano-Enhanced Optical Delivery (NOD)Upon illumination of a laser beam of a specific wavelength, the functionalized gold nanorods (fGNRs) generate localized membrane permeabilization, allowing insertion of genes into the cells in the targeted areas. (A) Components involved in NOD. (B--E) Sequential steps of the spatially targeted NOD. (B) Addition of fGNRs onto cells/tissues. Inset: fluorescently labeled fGNRs bound to cells. (C) Introduction of therapeutic (MCO) plasmids onto the cells after 1--12 h of incubation with fGNRs. Inset: vector map of MCO-II-mCherry plasmid. (D) Laser irradiation of targeted area within 1 h of introduction of plasmids. Inset: laser irradiation wavelength (1,064 nm) matching to surface plasmon resonance (SPR) of fGNRs. (E) Evaluation of gene expression in targeted cells/tissues \>2 days after NOD. Inset: representative non-transfected and transfected cells.

Nanosecond NIR Laser-Assisted NOD Enabled Membrane-Localized MCO-II Gene Expression in Human Embryonic Kidney (HEK) Cells {#sec2.2}
-------------------------------------------------------------------------------------------------------------------------

To demonstrate the ability of NOD (+ plasmids, + fGNRs, and + 1,064-nm laser) for delivery of large therapeutic genes such as MCO-II, a nanosecond-pulsed laser (1,064 nm) beam was used for transfection into the HEK cells. The immunostained image in [Figure 2](#fig2){ref-type="fig"}A shows nanosecond-pulsed laser (10 mJ, 10 Hz)-based NOD of MCO-II-mCherry into HEK cells in a Petri dish using a total laser dose of 5 mJ/mm^2^ (10 mJ/pulse, 10 Hz, 10 s, 200-mm^2^ area). [Figure 2](#fig2){ref-type="fig"}B (3× zoomed image of the square region marked in [Figure 2](#fig2){ref-type="fig"}A) shows robust expression of the reporter mCherry. The absence of fluorescence in the staining control (− primary antibody, + secondary antibody), as well as the 3× zoomed images of NOD regions ([Figures 2](#fig2){ref-type="fig"}C and 2D), confirms the presence of mCherry. The distribution of the reporter protein along the cell was quantified by plotting the intensity level along lines drawn across the cells ([Figure 2](#fig2){ref-type="fig"}E). The expression level in membrane and intracellular regions was quantified based on reporter intensity as shown in [Figure 2](#fig2){ref-type="fig"}F. Higher membrane-specific expression can be observed in cells after NOD of MCO-II-mCherry plasmids. Cells in non-targeted (without NOD laser) regions with or without plasmids and fGNRs did not show reporter fluorescence, as illustrated in confocal images ([Figures S2](#mmc1){ref-type="supplementary-material"}A--S2D). Quantitative comparison of mCherry expression in NOD-treated and control cells is shown in [Figure 2](#fig2){ref-type="fig"}G. To optimize NOD-based transfection of MCO-II into HEK cells using a 1,064-nm nanosecond laser beam, the energy/pulse was varied from 10 to 30 mJ, resulting in an energy density of 2.5--15 mJ/mm^2^ (spot size, 200 mm^2^). Two different exposures (5 and 10 s) were used for each energy pulse. The transfection efficiency (measured as the number of fluorescent cells/total cells) at different NOD laser beam parameters (i.e., energy pulse and exposure time) is shown in [Figure 2](#fig2){ref-type="fig"}H. [Figure S3](#mmc1){ref-type="supplementary-material"} shows nuclear (DAPI, blue)- and mCherry (green)-immunostained images of HEK cells transfected by the nanosecond NIR laser beam at different irradiation parameters.Figure 2Nanosecond-Pulsed Laser Beam-Based NOD Achieved High-Throughput Transfection of MCO-II-mCherry Plasmids in HEK Cells(A) Immunostained fluorescence image of HEK cells in a Petri dish transfected with MCO-II-mCherry using NOD (+ plasmids, + fGNRs, + 1,064-nm laser) using total laser dose of 5 mJ/mm^2^ (10 mJ/pulse, 10 Hz, 10 s, 200-mm^2^ area). (B) Zoomed image of the region marked by the square in (A). (C) Immunostained fluorescence image of staining control. (D) ×3 zoomed image of the region marked by the square in (C). (E) Plot of fluorescence intensity of reporter (mCherry) along a line drawn across the transfected cell, showing membrane-specific expression. (F) Quantitative comparison of reporter fluorescence in membrane and cytoplasm. (G) Quantitative comparison of mCherry expression in NOD-transfected cells and controls: (1) − plasmid, − fGNRs, − 1,064-nm laser; (2) − primary antibody; and (3) − 1,064-nm Laser. Primary antibody, anti-mCherry; secondary antibody, Alexa Fluor 488 (green). Nuclear staining with DAPI (blue). Mean ± SD. (H) Transfection efficiency (measured as number of fluorescent cells/total cells) at different NOD laser beam parameters (i.e., energy/pulse and exposure time), with total dose ranging from 2.5 to 15 mJ/mm^2^. ∗p \< 0.05 with respect to the "no laser" and "no fGNRs" controls. Mean ± SD.

*Ex Vivo* Transfection of a Retinal Explant Using Nanosecond NIR Laser-Based NOD Led to Robust Expression {#sec2.3}
---------------------------------------------------------------------------------------------------------

To demonstrate NOD into retinal cells, *rd10* mouse (retinal degeneration 10, spontaneous missense point mutation in Pde6b)) retinal explants were used. [Figure 3](#fig3){ref-type="fig"} shows the nanosecond-pulsed NIR (1,064 nm) laser beam-based spatially targeted parallel transfection of MCO-II-mCherry in retinal explants. No cellular expression in the retina explants in the absence of a NOD laser beam-was observed ([Figure 3](#fig3){ref-type="fig"}A). Using a 1,064-nm laser beam (dose, 5 mJ/mm^2^), NOD was then carried out in explants. The immunostained retinal explants showed robust expression of MCO-II mCherry in the targeted areas ([Figure 3](#fig3){ref-type="fig"}B) as compared to the non-targeted control ([Figure 3](#fig3){ref-type="fig"}A). To quantify the relative expression of mCherry in the cell membrane and intracellular components, intensity profiles along a line drawn across the image of immunostained cells ([Figure S4](#mmc1){ref-type="supplementary-material"}A) were plotted ([Figure S4](#mmc1){ref-type="supplementary-material"}B). The MCO-II expression in plasma membrane was found to be significantly higher than intracellular expression ([Figure S4](#mmc1){ref-type="supplementary-material"}C). A comparison of MCO-II-mCherry expression (measured by average mCherry fluorescence intensity) in targeted versus non-targeted regions in retina explant is shown in [Figure 3](#fig3){ref-type="fig"}C. No detectable increase in fluorescence in the mCherry emission band was observed in non-laser-exposed explants incubated with GNRs and MCO-II-mCherry plasmids.Figure 3Spatially Targeted Parallel Transfection of MCO-II-mCherry into Retinal Cells in Explants Using Nanosecond-Pulsed Laser Beam-Based NOD(A) No cellular expression in the retina explants in the absence of an NOD laser beam (i.e., + plasmids, + fGNRs, − 1,064-nm laser). (B) Fluorescence image of retinal explant, showing cellular expression of MCO-II mCherry (immunostained) upon NOD (1,064-nm laser dose, 5 mJ/mm^2^). (C) Quantitative comparison of mCherry expression (measured by fluorescence intensity) in NOD-transfected and control retina. ∗p \< 0.01. Mean ± SD. (D) Representative fluorescence image of immunostained retina explant, showing the distribution of reporter (mCherry) expression in a targeted area irradiated with an elliptic nanosecond-pulsed laser beam in the presence of fGNRs and MCO-II-mCherry plasmids. (E) Radial distribution profile of expression along the x and y axes in the retinal explant follows the Gaussian irradiation beam. (F) Transfection efficiency (measured by percentage of fluorescence-positive cells) as a function of distance from the center of the NOD laser beam. Mean ± SD.

To measure intensity-dependent MCO-II delivery and expression by NOD, the retina explant was irradiated with a Gaussian beam with varying intensity (decreasing from the center). A confocal fluorescence image of an immunostained retina explant ([Figure 3](#fig3){ref-type="fig"}D) shows distribution of reporter (mCherry) expression in a targeted area irradiated with an elliptic nanosecond-pulsed laser beam in the presence of fGNRs and MCO-II-mCherry plasmids. The radial distribution profile of expression along the x and y axes in the retinal explant ([Figure 3](#fig3){ref-type="fig"}E) follows the Gaussian irradiation beam. [Figure 3](#fig3){ref-type="fig"}F shows transfection efficiency (measured by the percentage of fluorescence-positive cells) as a function of distance from the center of the NOD laser beam. Based on these *ex vivo* studies, the optimal laser parameters for NOD were determined to be 0.5 mW/mm^2^ (average power density) and 10-s exposure for an ns laser (10 mJ/pulse, 10 Hz), resulting in a dose of 5 mJ/mm^2^.

CW NIR Laser-Assisted *In Vitro* NOD Enabled MCO-II Gene Expression {#sec2.4}
-------------------------------------------------------------------

To examine whether a CW NIR laser beam can achieve NOD and to determine the laser dose, *in vitro* experiments were performed for delivery of MCO-II-mCherry plasmids into HEK293 cells. The cells were exposed to two different laser powers (80 and 120 mW) and two different durations (30 and 60 s), leading to a total dose of 600--1,800 mJ/mm^2^ (spot size, 2 mm). There is no cellular expression in retina explants in the absence of an NOD laser beam (control; + plasmids, + fGNRs, − 1,064-nm laser), as shown in [Figure 4](#fig4){ref-type="fig"}A. Some non-specific binding of secondary antibodies was observed, but it exhibited very low fluorescence intensity. The reporter (mCherry) expression is evident in cells in the NOD-targeted area ([Figure 4](#fig4){ref-type="fig"}B) imaged 2 days after NOD. The 1,064-nm NOD-based MCO-II delivery efficiency at different laser doses was quantified based on the measured mCherry (reporter)-bound antibody fluorescence intensity of cells (averaged) in targeted areas. [Figure 4](#fig4){ref-type="fig"}C shows the variation of expression level as function of four different laser doses. The NOD-transfected cells showed membrane-specific expression of the MCO-II reporter as shown in intensity profiles ([Figure 4](#fig4){ref-type="fig"}D) along lines drawn across the transfected cells. Quantitative comparison of mCherry expression in membrane versus intracellular compartments is shown in [Figure 4](#fig4){ref-type="fig"}E.Figure 4Continuous Wave near-infrared laser based parametric evaluation of NOD for *in vitro* transfection of MCO-II-mCherry plasmids in HEK cells.(A) No cellular expression in the cells in the absence of a NOD laser beam (i.e., + plasmids, + fGNRs, − 1,064-nm laser). (B) Fluorescence image of cells, in NOD-targeted area in Petri dish, immunostained with mCherry antibody (green) and DAPI (blue). (C) Quantification of expression (measured by fluorescence intensity) in cells for different NOD parameters (total laser doses of 600, 900, 1,200, and 1,800 mJ/mm^2^ with laser spot size of \~2 mm). Mean ± SD. ∗p \< 0.05 between 600 mJ/mm^2^ and others; ∗∗p \< 0.01 between control and others. (D) Plot of fluorescence intensity of reporter (mCherry) along a line drawn across the transfected cells, showing membrane-specific expression. (E) Quantitative comparison of mCherry expression in membrane versus intracellular regions of NOD-transfected cells. ∗p \< 0.05. (F) Transfection efficiency (measured as percentage of fluorescent cells) at different NOD laser beam doses (power × exposure time) ranging from 600 to 1,800 mJ/mm^2^. Mean ± SD. (G) Chemiluminescent western blot of lysates of HEK cells transfected with MCO-II-mCherry by NOD or by commercially available transfection reagents (transfection by jetPRIME: positive control) showing the MCO-II-mCherry expression level.

[Figure 4](#fig4){ref-type="fig"}F shows the measured transfection efficiency (percentage of fluorescent cells) at different NOD laser beam doses (power × exposure time) ranging from 600 to 1,800 mJ/mm^2^. Western blot was performed to confirm the MCO expression in HEK cells transfected by NOD or the standard (lipofection) method. [Figure 4](#fig4){ref-type="fig"}G shows the chemiluminescence western blot of immunoprecipitated MCO-II-mCherry (894 residues) from cells transfected by NOD along with that from cells transfected by lipofection (positive control). The MCO-II-mCherry protein band was detected at ∼200 kDa, which is approximately double that of the molecular mass (∼100 kDa) calculated from the translation of the transgene sequence. The dimeric form of the *in vitro* MCO-II-mCherry protein predominantly gave the higher molecular mass band in western blot. For the same number of total cells exposed to the same amount of plasmids and transfection reagent (i.e., lipofection or laser and GNRs), the MCO-II-mCherry expression (quantified by the intensity and area of the specific chemiluminescence band) in cells transfected by NOD was comparable to that in cells transfected by lipofection.

CW NIR Laser-Assisted NOD Led to MCO-II Gene Expression *In Vivo* {#sec2.5}
-----------------------------------------------------------------

After the successful *in vitro* NOD experimental results in *rd10* mice retina explants, *in vivo* transfection of MCO-II opsin plasmids into the retina of *rd10* mice was carried out. [Figure 5](#fig5){ref-type="fig"}A shows the schematic representation of *in vivo* NOD in a mouse eye and the subsequent steps to visualize the expression. NOD using a 1,064-nm CW laser beam was carried out with the *in vivo* setup built on a surgical microscope ([Figure S5](#mmc1){ref-type="supplementary-material"}A). To confirm binding of GNRs (with the SPR peak at 1,064 nm) to retina (an essential step for NOD), we injected fluorescently labeled (Alexa Fluor 488 carboxylic acid, succinimidyl ester) fGNRs (1 μL) intravitreally to mouse eyes. Fluorescence images of retina after intravitreal injection of fluorescence (Alexa Fluor 488) dye and control (no dye injection) are shown in [Figures 5](#fig5){ref-type="fig"}B and 5C, respectively. The confocal fluorescence image of retina extracted ∼1 h after intravitreal injection of fluorescence dye-labeled fGNRs shows distinct florescence speckles indicative of fGNR binding on retina ([Figure 5](#fig5){ref-type="fig"}D). To evaluate the presence of fGNRs in retina during a longer period, the retinas were extracted 12 h (overnight) after intravitreal injection of fluorescently tagged fGNRs. Fluorescence images after overnight incubation (in the eye) are shown in [Figure 5](#fig5){ref-type="fig"}E. The binding of Con A-conjugated GNRs (injected intravitreally) was found to last at least 12 h in the retina.Figure 5*In Vivo* Spatially Targeted, Layer-Specific Delivery of MCO-II into Retina by CW Near-Infrared Laser Beam-Based NOD Using fGNRs with an SPR Peak-Matching NOD Laser Beam(A) Schematic representation of *in vivo* NOD in *rd10* mouse eye and subsequent steps to visualize the expression. (B and C) Fluorescence image of retina: (B) after intravitreal injection of fluorescence (Alexa Fluor 488) dye and (C) control (no dye injection). (D and E) Confocal fluorescence image of retina after intravitreal injection of fluorescence dye-labeled functionalized gold nanorods (fGNRs) with the surface plasmon resonance (SPR) peak at 1,064 nm: (D) \~1 h after injection and (E) overnight (\>12 h) incubation. (F) Immunostained confocal image of NOD-treated mice retina, showing the expression of MCO-II-mCherry (red) overlaid on nuclear stain DAPI (in blue). (G and H) Higher magnification image of retinal cells: (G) DAPI and (H) mCherry. The laser dose was 600 mJ/mm^2^ (20 mW for 30 s, 1-mm^2^ area). (I) Chemiluminescent western blot of retinal cell extract after *in vivo* transfection of MCO-II-mCherry by NOD. The immunoprecipitated retinal lysate shows distinct mCherry. (J and K) Quantification of expression (measured by fluorescence intensity) in retina for different NOD laser doses: (J) with 1-h incubation of fGNRs and (K) overnight incubation of fGNRs. Mean + SD. Insets: representative fluorescence images of retina for control and NOD-transfected retinas. (L and M) Confocal fluorescence images of immunostained MCO-reporter (mCherry) in (L) RGC and (M) bipolar cell layers. (N) RGC layer-specific expression of MCO achieved by *in vivo* NOD (3D-stacked confocal image of retina).

For conducting NOD, 1 h after injection of 1 μL of Con A-functionalized GNRs (inside eye concentration, 30 ng/μL), 1 μL of MCO-II-mCherry plasmid solution was injected intravitreally into an *rd10* mouse eye to result in a final concentration of 500 ng/μL plasmid inside the eye. To allow CW NOD laser beam irradiation of retina, the mouse eye was dilated with tropicamide ([Figure S5](#mmc1){ref-type="supplementary-material"}B). After dilation, the CW NIR laser beam was applied for 30 s on the retina. [Figure S5](#mmc1){ref-type="supplementary-material"}C shows an image of mouse retina being irradiated by the NIR NOD laser beam with a dose of 600 mJ/mm^2^ (20 mW for 30 s, 1-mm^2^ area). [Figure 5](#fig5){ref-type="fig"}F is an immunostained confocal image of a NOD-treated *rd10* mouse eye, showing expression of MCO-II-mCherry (red) in the targeted area of retina. The cellular expression was confirmed by higher resolution confocal fluorescence imaging of the mCherry-immunostained retina overlaid on nuclear stain ([Figures 5](#fig5){ref-type="fig"}G and 5H).

[Figure 5](#fig5){ref-type="fig"}I shows the chemiluminescence western blot of immunoprecipitated MCO-II-mCherry (894 residues) from cells transfected by NOD along with that from retinal cells transfected *in vivo*. The retina was freshly harvested and lysed in radioimmunoprecipitation assay (RIPA) buffer. The concentration of the total extracted protein was found to be 0.5 μg/μL. 75 μg of the total protein was subjected to immunoprecipitation, and the whole immunoprecipitated sample was subjected to western blot. The MCO-II-mCherry protein band was detected at ∼90 kDa, which matches with the theoretically calculated molecular mass from the translation of the transgene sequence.

To evaluate gene expression for different fGNR-incubation periods, we used two laser powers (60 and 120 mW) and an exposure duration of 30 s, resulting in total dose of 1.8--3.6 J/mm^2^. One week after intravitreal injection and NOD, the mice were sacrificed, and the retinal cup was extracted and imaged using confocal fluorescence microscopy. For a 1-h incubation of fGNRs, [Figure 5](#fig5){ref-type="fig"}J shows representative fluorescence images of the retina transfected at 1.8 J/mm^2^ and of the control (no fGNRs or plasmid). Quantification of expression (measured by fluorescence intensity) in retina for two different NOD laser doses ([Figure 5](#fig5){ref-type="fig"}J) shows optimal transfection at 1.8 J/mm^2^. For overnight incubation of fGNRs, the optimal dose was found to be 3.6 J/mm^2^ ([Figure 5](#fig5){ref-type="fig"}K). The inset images in [Figure 5](#fig5){ref-type="fig"}K show representative fluorescence images of the retina transfected using a 3.6 J/mm^2^ laser dose and no fGNRs/plasmids (control). The significant difference in fluorescence intensity of retina between the NOD eye and control shows delivery of MCO-II-mCherry plasmids into targeted retina using a CW NIR laser beam.

To determine the type of cells that are transfected by NOD after intravitreal injection of CAG-MCO-II-mCherry plasmids, we carried out cell-specific immunostaining of the NOD-transected retina of *rd10* mice. Fluorescence images of retina, after *in vivo* optical delivery using a CW 1,064-nm laser beam, stained with the nuclear stain DAPI ([Figure S6](#mmc1){ref-type="supplementary-material"}A) and the retinal ganglion cell **(**RGC)-specific stain POU4F1 ([Figure S6](#mmc1){ref-type="supplementary-material"}B), are overlaid on a fluorescence image of reporter-mCherry expressed in retina ([Figure S6](#mmc1){ref-type="supplementary-material"}C). The composite image shows co-localization of RGCs with mCherry expression. The high degree of co-localization suggests that *in vivo* NOD of retina, after intravitreal injection, is RGC specific. This is due to the fact that both fGNRs and plasmids were injected intravitreally, which leads to significant binding with the proximal RGC layer. Furthermore, confocal fluorescence images of immunostained retina (after NOD) show the presence of MCO-reporter (mCherry) in the RGC layer ([Figure 5](#fig5){ref-type="fig"}L), and not in the bipolar cell layer ([Figure 5](#fig5){ref-type="fig"}M). Three-dimensional reconstruction of retina ([Figure 5](#fig5){ref-type="fig"}N) shows RGC layer-specific expression of MCOs achieved by *in vivo* NOD.

Evaluation of Macrophages in Retina Due to Injection of fGNRs and Subsequent Laser Irradiation {#sec2.6}
----------------------------------------------------------------------------------------------

Immunostaining of the retinal section was carried out in order to evaluate the induction of macrophages due to fGNR (GNRs functionalized with Con A)-mediated NOD. [Figure 6](#fig6){ref-type="fig"} represents confocal images of immunostained retinal sections. The expression of mCherry in ganglion cells is evident by distinct red fluorescence (secondary antibody fluorescence, Alexa Fluor 594). In order to assess macrophage induction due to NOD and fGNRs, the retina samples were co-stained for macrophage markers (CD68) and imaged in the green channel (DyLight 488). No detectable macrophage induction was observed in the immunostained retina samples ([Figure 6](#fig6){ref-type="fig"}A) when compared to the control eye ([Figure 6](#fig6){ref-type="fig"}B: absence of fGNRs and NOD), suggesting that the presence of Con A-conjugated GNRs and laser irradiation did not cause a macrophage-related immunoresponse in the eye.Figure 6Evaluation of Presence of Macrophages in the Targeted NOD Area of Retina(A) Immunostained images of transfected retinal section of spatially targeted NOD area for evaluation of the presence of macrophages (green) and the presence of mCherry expression in the ganglion cell layer (red). DAPI and composite images are also presented. (B) Identical immunostained images of a control section of retina from the contralateral eye are presented for comparison. The mCherry expression was observed in the ganglion cell layer in the NOD eye retinal section. No significant presence of microphage was detected in the NOD eye retina. Scale bar, \~50 μm. GCL, ganglion cell layer; INL, inner nuclear layer.

Visually Evoked Spiking Activities Confirmed Communication between the NOD-Enabled, MCO-II-Sensitized Retina and Visual Cortex {#sec2.7}
------------------------------------------------------------------------------------------------------------------------------

In order to evaluate the functional recovery of degenerated retina and establishment of communication with the visual cortex, visually evoked spiking activities were monitored in the visual cortex of *rd10* mice, having NOD-enabled, MCO-II sensitized RGCs. The *rd10* mice have a later onset and progressive retinal degeneration, closer to the human retinal degeneration phenotype. At the age of 12 weeks, complete loss of photoreceptors was observed in *rd10* mice as measured by spectral domain optical coherence tomography (SDOCT) imaging (before laser delivery) and immunostaining with visual arrestin after sacrificing the mice. For visual stimulation of the NOD or other control eye, white light-emitting diode (LED)-emitting broad spectral light (400--650 nm) was pulsated at 1 Hz (200 ms ON, 800 ms OFF). A 16-channel multi-electrode array (MEA) and acquisition system (Plexon) was used to map the visual cortex 1 (V1) activities ([Figure 7](#fig7){ref-type="fig"}A). Visual cortex activities in mice having one eye sensitized with MCO-II by NOD (CW 1,064 nm) subsequent to light stimulation using different intensities (1, 10, 80, and 220 cd⋅s/m^2^) were measured in V1 ([Figure 7](#fig7){ref-type="fig"}B, top panel). In the bottom panel of [Figure 7](#fig7){ref-type="fig"}B, we show spiking activities in the visual cortex (V1) at the same electrode location of the animal subsequent to visual stimulation of the PBS-injected eye using no light, and light with different intensities. [Figure 7](#fig7){ref-type="fig"}C quantitatively compares the visually evoked spiking activities in V1 of *rd10* mice in response to light stimulation in the NOD-enabled, MCO-II sensitized eye and in the PBS-injected eye. Unlike the PBS-injected eye, the V1-spiking activities increased with increases in the light intensities. The mice were sacrificed after measurement of visually evoked spiking activities and retinas were immunostained for mCherry expression analysis. In [Figure 7](#fig7){ref-type="fig"}D, we show a confocal fluorescence image of an immunostained retina having expression of MCO-II-mCherry.Figure 7Visually Evoked Spiking Activities Observed in Visual Cortex of *rd10* Mice Having NOD-Enabled, MCO-II-Sensitized RGCs(A) Setup for measuring visually evoked spiking activities in V1. (B) Top: spiking activities in visual cortex (V1) subsequent to visual stimulation of the MCO-II-expressing eye using no light and light with intensities of 1, 10, 79, and 220 cd⋅s/m^2^. Bottom: spiking activities in visual cortex (V1) at the same electrode location of the animal subsequent to visual stimulation of the PBS-injected eye using no light and light with intensities of 1, 10, 80, and 220 cd⋅s/m^2^. The visual stimulation light pulses were applied at 1 Hz (200 ms ON, 800 ms OFF) for 60 s. (C) Visual stimulation intensity-dependent cortical activities in *rd10* mice. Mean + SD. ∗p \< 0.05 between control and NOD eye. (D) Confocal fluorescence image of immunostained retina, showing the expression of MCO-II-mCherry in RGCs.

*In Vivo* NOD of MCO-II to *rd10* Mice Does Not Compromise Viability of Retina or Elicit an Immune Response {#sec2.8}
-----------------------------------------------------------------------------------------------------------

To evaluate safety of *in vivo* NOD-based gene delivery, we conducted an apoptosis assay on mouse retina to assess the viability of retina using a caspase marker. [Figure S7](#mmc1){ref-type="supplementary-material"}A shows fluorescence images of retina stained with caspase-3 (green) and DAPI (blue) for two different CW laser doses (dose 1, 1.8 J/mm^2^; dose 2, 3.6 J/mm^2^). The apoptotic cells were not detected after optical delivery using a CW laser beam. Next, in order to determine the immune response subsequent to NOD, we carried out CD45 immunostaining of the CW laser-irradiated retina ([Figure S7](#mmc1){ref-type="supplementary-material"}B). No detectable CD45 (red) signal suggests the absence of immune cells after MCO-II transfection by the laser at doses of 0.9 and 1.8 J/mm^2^. These results demonstrate that *in vivo* optical delivery of MCO-II to *rd10* mouse retina does not compromise viability of retina or elicit an immune response.

Discussion {#sec3}
==========

The results clearly demonstrate that the proposed NOD method is a viable, minimally invasive approach to remotely guide delivery of therapeutic genes to targeted cells *in vitro* as well as *in vivo*. Since the gold nano-structures have very low cytotoxicity[@bib41] and have been widely used in various clinical trials (ClinicalTrials.gov: [NCT03020017](NCT03020017){#intref0010}, [NCT02837094](NCT02837094){#intref0015}, and [NCT01270139](NCT01270139){#intref0020}) they present an ideal nanomaterial for clinical translation of the NOD method. The nanoparticles travel to retina via diffusion from the vitreous. To allow such diffusion, a 1- to 12-h incubation time is provided after nanoparticle injection for NOD to occur. Over time, the nanoparticles injected in the vitreous are known to get cleared from the vitreous.[@bib41] Compared with pulsed lasers, CW NIR (diode) lasers are compact, easy to use, and therefore have significant translational potential. For example, targeted *in vivo* optical delivery of opsin genes to degenerated retinal regions in dry-AMD patients using a NIR laser beam in a safe manner will enable restoration of photosensitivity in the geographic atrophy areas. In progressive retinal degenerative diseases such as dry-AMD, degeneration of retina advances at ∼2 mm^2^ per year and varies from person to person. During such progressive loss, NOD can be easily repeated, allowing gene (e.g., MCO) expression in newly degenerated retinal areas.

In the NOD method, the contrast in temperature rise in laser-irradiated nanorod-attached cells at nano-hotspots is significant enough to allow site-specific delivery of large plasmids (e.g., MCO-II-mCherry). Unlike focused ultrafast laser-based optoporation,[@bib37] the NOD technology is easy to adapt in the clinical setting since it puts no restriction on maintaining the focal plane with a target layer. Furthermore, it provides increased sensitivity of targeted cells with no detectable collateral damage. By varying the shapes of functionalized field-enhancing GNRs[@bib42], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50] that bind to targeted cell types, tuning the NIR laser wavelength will allow wavelength-selective enhancement near specific cells and thus selective delivery. In the NOD method, the presence of GNRs (fGNRs) is required only during the laser irradiation for gene delivery. As demonstrated in this study, the NOD procedure is completed within 1--12 h of injection. Once the genes are delivered onto the targeted cells and tissue, the presence of fGNRs is not required, and gene expression occurs via protein translation. The NOD-based transfection is highly specific to targeted cells. The spatially targeted expression is achieved and controlled by the presence of three key components at the same spatial location: (1) fGNRs, (2) targeted laser irradiation, and (3) plasmids containing specific promoters. The non-targeted areas (absence of laser irradiation) will not have transfection even though the plasmids and fGNRs are present.

For use of NOD in eyes of human subjects, the NIR laser beam for NOD may be integrated with ophthalmic viewing devices such as a slit lamp or OCT for obtaining feedback. After identifying the pathological areas that need treatment, the subject's eye(s) can be injected with fGNRs and therapeutic molecules into the vitreous cavity or sub-retinal space depending on the targeted retinal layer, followed by NIR laser beam irradiation targeted to the pathological region(s) of interest. In case of rapid movement of the organ (e.g., eye), it may be advantageous to use a spatially sculpted NIR beam to match the shape of the region(s) of interest in the tissue requiring targeted molecular delivery by NOD. In addition to motion artifacts, challenges in perfectly matching the margins of the NIR laser for NOD may arise due to scattering tissue and imperfect optical media of the eye. To correct for wave-front distortions in the NOD laser beam, implementation of adaptive optics may be required for improving the performance of the NOD process. This is accomplished by compensating for the higher order aberrations originating from the cornea and the lens of the eye by using a deformable adaptive optics mirror. While continuous exposure to an NIR laser beam can be used to accomplish such NOD, the laser may be pulsed (width varying from several microseconds to seconds) in order to optimize delivery without overall heating of the cells/tissues.

Although the present study demonstrates spatially targeted delivery of MCO to the retina by use of a laser beam, this technique will be applicable for delivery of other large therapeutic genes such as ABCA4 for Stargardt's disease,[@bib51] USH genes for Usher's syndrome,[@bib52] and CEP290 for Leber congenital amaurosis,[@bib53] as well as large CRISPR constructs for correcting gene mutations.[@bib54] NOD-based gene expression lasts for several weeks, and such short-term expression may be advantageous for several aspects, including (1) in some cases such as chimeric antigen receptor (CAR)-T cancer therapy[@bib55] and acute lung injuries by providing a clinically meaningful outcome, and (2) it allows evaluation of an acute therapeutic response (if any) before exposing the subjects or population to a chronic irreversible genetic change such as CRISPR.[@bib54] For long-term expression, novel capsid-free, close-ended[@bib56] linear duplex genes comprised of an inverted terminal repeat (ITR) can be delivered by the NOD method described herein.

Conclusions {#sec3.1}
-----------

The *in vitro and in vivo* results clearly demonstrated that large (MCO-II-mCherry) plasmids can be introduced into cells in a minimally invasive manner by nano-enhanced effects using a CW and nanosecond-pulsed NIR laser beam (1,064 nm). Furthermore, our results clearly demonstrate gene delivery and functional cellular expression in targeted regions of retina using a CW NIR laser beam without compromising the cell viability. Our results show an increase in visually evoked spiking activities, in mice with NOD-transfected, MCO-II-sensitized retina, confirming communication between functionalized retina and the visual cortex. Safe NOD-mediated molecular delivery has the potential for effective gene therapy of diverse retinal degenerations in patients.

Materials and Methods {#sec4}
=====================

Ethics Statement {#sec4.1}
----------------

All experimental procedures were conducted according to the Nanoscope Technologies Institutional Animal Care and Use Committee (IACUC)-approved protocol.

MCO-II Plasmid {#sec4.2}
--------------

A high-throughput DNA synthesizer was used to synthesize the parent DNA fragment coding for MCO-II with the restriction enzymes BamHI and SalI. The gene was built using a plasmid adeno-associated virus (pAAV) vector with a CAG promotor, trafficking signal sequence, and fluorescent reporter protein (mCherry). Purified plasmid DNA of MCO-II-mCherry was prepared for NOD. The sequence of the DNA construct was confirmed with sequence analysis.

Intravitreal Injection of MCO-II to the *rd10* and Wild Type Mouse Eye {#sec4.3}
----------------------------------------------------------------------

An aseptic technique was used for all surgical procedures, and surgical tools were sterilized by autoclaving. The mouse was anesthetized and local anesthesia (proparacaine) was instilled into the eye of the animal. The MCO-II (1 μL) solution was injected by a sterilized 29G needle of a Hamilton microsyringe inserted through the sclera into the vitreous cavity (intravitreal injection). For controls, 1 μL of PBS was injected into the eye intravitreally by a sterilized 29-gauge needle. The cornea was kept moist with a balanced salt solution during the surgical procedure.

GNRs and Functionalization {#sec4.4}
--------------------------

Con A-conjugated GNRs (aspect ratio, 6.7) with the SPR maximum at 1,064 nm was used for NOD experiments. The GNRs were treated with Con A molecules (4 μM) to facilitate the binding of a GNR with membrane of the targeted cells. 1 mL of GNR solution (0.035 mg/mL) was centrifuged at 13,000 rpm for 15 min and resuspended in Con A solution, then incubated at 37°C for 12 h. The mixture of Con A and the GNR complex was re-dispersed in 10 mM HEPES (*N*-2-hydroxyethylpiperazine-*N′-*2-ethanesulfonic acid) buffer (pH 7.4) after 12 h of incubation. Prior to resuspension in the HEPES buffer, the unbound Con A molecules were removed by centrifugation at room temperature.

Cell Culture and Transfection {#sec4.5}
-----------------------------

HEK293 cells were cultured in a sterile Petri dish (35 mm) and maintained in DMEM/F-12 cell culture media, supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), streptomycin (0.2 mg/mL, Sigma-Aldrich), and penicillin (200 U/mL Sigma-Aldrich). The cultures were maintained at 37°C in a 5% CO~2~ humidified atmosphere. 48 h after plating, the cells were incubated with GNRs (1,064 nm). After a further 2 h, the MCO-II plasmids were added into the cell culture medium and incubated for 15 min. The cells were then exposed with a nanosecond (1,064 nm) or CW (1,064 nm) laser beam with different intensities and exposure times. The cells were then moved back to 37°C in a 5% CO~2~ humidified atmosphere.

Western Blot Assay {#sec4.6}
------------------

Western blot experiments were performed to confirm expression of the MCO-II-mCherry protein by using an anti-mCherry antibody (NBP1-96752, Novus Biologicals). Briefly, cultured HEK293 cells were transfected with MCO-II-mCherry by NOD or jetPRIME (positive control). After 3 days of transfection, the cells were collected and then pelleted by centrifugation. The pellet was lysed in RIPA buffer (10 mM Tris-Cl \[pH 8.0\], 2 mM EDTA, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, and 150 mM NaCl) in the presence of protease inhibitor cocktail (Thermo Scientific, \#78440). For *in vivo* NOD, retinal cells in wild-type mice (N = 5) were transfected with MCO-II-mCherry plasmids. After 1 week of transfection, the retina was freshly harvested and lysed in RIPA buffer as done *in vitro* for cells. A clear supernatant for *in vitro* as well as *in vivo* NOD samples containing the protein was collected after centrifugation at 14,000 × *g* for 5 min. The total protein concentration was measured by a Pierce 660-nm protein assay (Thermo Fisher Scientific). The supernatant was transferred to an Eppendorf tube and immunoprecipitation was performed using mouse anti-mCherry protein. The antibody/antigen complex was then pulled out using protein G-agarose beads (Pierce). Immunoprecipitated MCO-II-mCherry protein was separated by 4%--15% pre-made gradient gels (Bio-Rad), and proteins were transferred for 1 h at 120 V onto nitrocellulose membranes. Membranes were blocked in skim milk for 60 min followed by incubation with anti-mCherry (overnight at 4°C). Membranes were washed twice (5 min each) and then incubated with the secondary antibody horseradish peroxidase-conjugated anti-mouse immunoglobulin G (IgG) for 30 min (1:10,000; GE Healthcare, Piscataway, NJ, USA). Chemiluminescence was developed using a SuperSignal West Dura kit (Thermo Scientific) and the blot was imaged.

Mice Model with Retina Degeneration {#sec4.7}
-----------------------------------

Approximately 12-week-old retinal degenerated mice (B6.CXB1-*Pde6b*^*rd10*^/J, Jackson Laboratory) and wild type mice (C57BL/6J, Jackson Laboratory) were used in the reported *ex vivo* and *in vivo* experiments. All aspects of experimental procedures on the animals were in strict accordance with guidelines of the Nanoscope Technologies IACUC. Mice were maintained on a 12-h light/12-h dark cycle.

Retinal Explant: *Ex Vivo* Transfection {#sec4.8}
---------------------------------------

Adult *rd10* mice were sacrificed using CO~2~ inhalation. The eyes of *rd10* mice were surgically removed from their muscles and remaining orbital contents and then choroid, sclera, cornea, lens, and vitreous were then removed from the enucleated eye. The retina was incubated with fresh Neurobasal medium. The retinal pigment epithelium (RPE) was gently removed from the retina, and retina explants were cut into pieces using a tissue chopper. The explants were placed onto sterilized Petri dishes previously coated with 5 μg of poly-[d]{.smallcaps}-lysine per dish containing 1 mL of Neurobasal medium. The explants were incubated with Con A-conjugated GNRs for 2 h at 37°C in a humidified 5% CO~2~ incubator. The CAG-MCO-II-mCherry plasmid was added directly onto the retina explants for 15 min, and NOD was carried out using a 1,064-nm CW or pulsed laser beam.

*In Vivo* NOD Experiments: Mouse Preparation and Transduction of MCO-II mCherry {#sec4.9}
-------------------------------------------------------------------------------

Prior to the *in vivo* experiments, the mice were anesthetized using the mixture of 90 mg/kg ketamine, 10 mg/kg xylazine, and 0.5 mg/kg acepromazine. Tropicamide (1%) was used to dilute the pupils of the mice. Sterile proparacaine hydrochloride ophthalmic solution (0.5%) eye drops were administered to provide topical anesthesia. A dissection microscope and sterilized 32G needle of a Hamilton micro-syringe were used to perform the intravitreal injection of MCO-II mCherry plasmids and fGNRs (SPR at 1,064 nm). Ciprofloxacin (0.3%) eye drops were applied to the ocular surface following the intravitreal injection. The cornea was kept moist with a balanced salt solution during the entire surgical procedure. Reversal of anesthetic was achieved by intraperitoneal injection of normal sterile 0.9% saline solution (400 μL). After 1 week of transfection, the animals were euthanized, and retinal tissues were explanted for immunostaining or western blot.

Immunostaining {#sec4.10}
--------------

The NOD-treated and non-treated samples (HEK cells, retinal explants, and mouse eyes) were fixed in modified Davidson solution overnight and finally stored in 1× PBS. Next, the eyecup and retinal section were prepared and subjected to 0.5% Triton X-100 (washing solution) three times. The nonspecific binding of antibodies was blocked by 4% serum for 60 min, after which they were washed with washing solution three times. The samples were incubated with primary antibodies (1:500 dilution), e.g., anti-mCherry, POU4F1, caspase-3, CD45, and CD68, overnight at 4°C. After washing samples with 0.5% Triton X-100 solution in 1× PBS three times, secondary antibody (goat anti-rabbit Alexa Fluor 488 or goat anti-mouse Alexa Fluor 594), diluted 1:250 in washing solution, was loaded for 1 h at room temperature. The samples were then stained with DAPI (1 μg/ml).

Confocal Fluorescence Imaging {#sec4.11}
-----------------------------

The NOD-treated *ex vivo* (HEK cells and retinal explants) and *in vivo* (explanted retinal tissues) samples were immunostained to identify and quantify the mCherry expression. Prior to imaging, the samples were washed with 1× PBS. Images were taken by a confocal microscope (Olympus Fluoview FV1000) using the laser with excitation lines at 405 nm (DAPI), 488 nm (Alexa Fluor 488), and 543 nm (Alexa Fluor 594). Image processing was performed using ImageJ software.

Statistical Analysis {#sec4.12}
--------------------

GraphPad Prism was used to analyze data. The data were plotted as mean ± SD. Statistically significant difference analyses were carried out by a t test. p \< 0.05 was considered statistically significant.
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